Conditions for the regeneration of cells from protoplasts of Streptomyces chrysomallus, a producer of the peptide antibiotic actinomycin, are described. Regeneration of fusion products was most efficient at 27-30 "C on regeneration R2 medium (Okanishi et al., 1974) containing 0.25 M-sucrose. The addition of phosphate (150-300 mg 1-l) to the medium and incubation at 23 "C proved to be optimal for the regeneration of individual strains. Highest recombination frequencies after protoplast fusion were obtained by fusing protoplasts in the presence of 45 % (w/v) polyethylene glycol 6000. With strains that produce no, or little antibiotic, protoplasts must be present in excess in fusion mixtures in order to overcome inhibition of regeneration by the antibiotic-producing partner.
I N T R O D U C T I O N
Streptomyces chrysomallus ATCC 1 1523 belongs to that group of actinomycetes which produce actinomycins. These chromopeptide-lactones are considered to be synthesized by enzyme systems similar to those operating in the case of leupeptin (Hori et al., 1978) or enniatins (Zocher et al., 1982) . Studies of the biosynthesis in vivo of actinomycins have been performed mostly with Streptomyces antibioticus (Katz & Weissbach, 1962 , 1963 Katz, 1967; Keller & Kleinkauf, 1977) . Cell-free synthesis of actinomycins has not yet been accomplished.
For the analysis of the genetic determinants of actinomycin synthesis in S. chrysomallus, an efficient recombination system should be available which allows the mapping of antibiotic genes. Although conventional matings still seem to be the most reliable basis for the construction of chromosomal linkage groups, protoplast fusion has also been reported to be suitable in streptomycetes (Hopwood & Wright, 1978; Hopwood et al., 1977; Baltz, 1980) . Moreover, this technique may be particularly useful for the construction of complex genotypes.
In the present contribution, optimal conditions for high frequency protoplast fusion with S. chrysomallus are described.
METHODS
Cultures. Streptomyces chrysomallus ATCC 11523 produces the actinomycin C complex. The strains used in this work are derivatives of a single colony of S. chrysomallus. These are strains 560 (ade-I arg-l act+) , 2010 (his-I trp-I act-I) and 810 (leu-I arg-2act-2): act denotes loss of actinomycin C production. Strain 560 produces 60-80 mg actinomycin I-' in liquid medium S. Auxotrophic and antibiotic defective mutations were induced by N-methyl-N'-nitro-N-nitrosoguanidine treatment according to Delii: et al. (1970) or treatment of spores with ethyl methane sulphonate (5 mg 1-I) in 50% (v/v) glycerol for 1 h at 30 "C.
hledia. The complete medium (CM) and the minimal medium (MM) were as described by Hopwood (1967) , except that in MM, 1% (wlv) glucose was substituted by galactose. The basal medium for regeneration was R2 (Okanishi et ul., 1974) . Changes in the composition of R2 affecting optimal cell regeneration from protoplasts and optimal recombination frequencies are described in Results and Discussion. Liquid growth medium was medium S (Okanishi et al., 1974) .
Culture and conditions. Stock cultures of strains were kept as spore suspensions in 30% (w/v) glycerol at -18 "C. For liquid cultures, Erlenmeyer flasks (250 ml) containing medium S (25 ml) were inoculated with several drops of spore suspension and shaken in a New Brunswick G 25 shaker (220r.p.m., 2.5cm stroke) at 28°C. All cultures were incubated at 27-28 "C, unless stated otherwise.
Cell crosses. Crosses were performed on the bases of natural fertility according to Hopwood (1967) on appropriately supplemented MM.
Preparation of protoplasts. After cultivation for 2 d in medium S , with or without glycine, cells were collected from 3 4 flasks and washed twice with 0.3 M-Sucrose and then suspended in medium P (Okanishi et al., 1974) to give 50 mg mycelium ml-l in the presence of 2.5 mg lysozyme ml-l. After incubation (3 h at 30 "C) with occasional careful shaking, mycelia were disintegrated. When grown in the presence of 0.5 or 1 % (w/v) glycine, various strains of S. chrysomallus were converted into protoplasts much faster than when grown in the absence of glycine (1 h). However, in the presence of these glycine concentrations growth was greatly retarded, taking more than 3 d to obtain the same amount of cell material as in 2 d without glycine. The suspension was vigorously pipetted twice and filtered through cotton wool. Protoplasts and small mycelial fragments in the filtrate were centrifuged at 3000 g for 20 min, resuspended in the same volume of medium P and filtered again. In this filtrate, small mycelial fragments were scarcely detected. After one further washing in medium P without subsequent filtration, the concentration of protoplasts was adjusted to about 5 x lo8 ml-I. Routinely this was done by measuring the absorbance at 600 nm of protoplast suspensions and comparing with a calibration curve established by microscopical counting of a serially diluted protoplast suspension.
Protoplast fusion. Protoplast suspensions of the two strains to be fused were mixed in various ratios (total number of cells per fusion: 5-10 x lo8). After centrifugation at room temperature, PEG solution (1 ml) was added to the mixed protoplasts as described (Hopwood & Wright, 1978) . After leaving for 2 min (at room temperature), the fusion mixture was washed twice with medium P (5 ml) and finally suspended in 1 ml medium P. Samples (0.1 ml) of the suspension and serial dilutions were plated on fully supplemented regeneration media. Plates were routinely prepared 2 d before use and left to dry at room temperature. After incubation (1 week), spores produced from the undiluted regeneration culture (mass culture) were harvested and, after washing twice in sterile water, were plated on selectively and non-selectively supplemented MM. Recombination frequencies were estimated by comparing colony counts from selective plates with those from non-selective plates. Routinely, 300 colonies from nonselective plates were isolated and analysed with respect to their genotypes. Recombinants were considered to be genotypically stable when no loss of markers was observed after four successive passages on the same medium.
Antibiotic assay. Antibiotic from liquid cultures was determined as described previously . Formation of actinomycin by protoplasts of S . chrysomallus was measured by following the incorporation of ['Tlvaline into the antibiotic according to a modified method described previously. lo9 protoplasts in 250 yl medium P were incubated with 1 pCi ['"Clvaline (285 Ci mol-'; 10.5 TBq mol-' ; Amersham) for 2 h with shaking. Radioactive actinomycin was determined as described by Keller & Kleinkauf (1977) .
Chemicals. Chemicals were obtained as indicated : PEG 1000 (Serva, Heidelberg); PEG 4000 and 6000 (Merck); lysozyme (Boehringer); TES (Sigma). All other chemicals were of the highest purity commercially available.
RESULTS AND DISCUSSION
Regeneration of protoplasts Initial fusions were performed between strains560(ade-l arg-1 act+)and 2010(his-I trp-1 act-]) (Hopwood & Wright, 1978) . After treatment with PEG 1000, mixed protoplasts were plated on non-selective R2 medium and incubated (1 week). The undiluted fusion culture never developed a confluent lawn and the dilutions showed no proportionality of colony counts to dilution steps. Spores from the undiluted fusion culture were seeded on non-selectively and selectively supplemented MM. Recombination frequencies never exceeded l 0-6-1 0-5 (I 0-7-without PEG 1000). The same crosses performed on the basis of natural fertility gave frequencies of 1 O-*-l O-7. In order to obtain higher recombination frequencies, regeneration conditions were optimized.
Medium P was maintained because protoplasts of strain 560 showed the highest incorporation of ~-[l~C]valine into actinomycin when kept in medium P. Reduction or omission of earth alkaline ions or reducing the sucrose concentration resulted in a drastic reduction in the formation of radioactive antibiotic. Therefore, the composition of R2 medium was modified to investigate its influence on the extent of regeneration. Serial dilutions of protoplast suspensions (5 x lo8 cells ml-l) of each of two strains (560 and 2010) were plated separately on medium R2 containing various concentrations of sucrose. The plates were incubated at 27-28 "C. After incubation (5 d, strain 560 or 7 d, strain 2010) a confluent lawn was obtained from the undiluted platings. At the highest dilutions, no further single colonies developed. The regeneration efficiency was calculated as the ratio of the number of colonies grown on the dilution plates against the number of protoplasts per ml in the corresponding dilution (estimated by microscopical counting). The highest regeneration efficiency was obtained by plating protoplasts on medium containing 0.25 M-SUCrOSe instead of 0.3 M-sucrose as in R2 (Fig. 1) . The frequencies of regeneration at this concentration were 4.5% and 1.35 % for strain 560 and strain 201 0, respectively. Similar experiments with mycelia of different ages revealed that regeneration efficiency was independent of the age (2-4 d) of the mycelium used. Replacement of proline in R2 medium containing 0.25 M-sucrose by asparagine or sodium glutamate neither stimulated nor reduced the regeneration efficiency of the two strains, but increasing phosphate concentration did. Optimal regeneration of both strains took place at a concentration of about 150-300 mg 1-l (Fig. 2) . At this value, strain 560 reached a maximum regeneration frequency of about 10%. At higher phosphate concentrations, a reduction of the regeneration frequency was observed, probably due to the trapping of Ca2+ and Mgz+ ions in the medium by phosphate. A similar effect of phosphate on the regeneration of strain 2010 was observed.
The influence of temperature on the regeneration of the two mutants is shown in Fig. 3 . When the two strains were regenerated on R2 medium containing 0.25 M-sucrose at various temperatures, it was found that for both strains the optimal temperature was the lowest one tested (i.e. 23 "C). Interestingly, at this temperature regeneration was complete 1-2 d earlier than at higher temperatures.
Regeneration of fused protoplasts and optimal fusion parameters The molecular weight of PEG for obtaining high recombination frequencies was established by mixing protoplasts in various ratios and subsequent fusion with 50% (w/v) PEG 1000,4000 or 6000. Regeneration of the fusion mixtures was performed on non-selective R2 medium containing 0.25 M-sucrose for 1 week. Spores from the undiluted fusion culture were harvested and seeded on selective and non-selective media. Results of a representative experiment clearly reveal that recombination frequencies in fusions were always highest when PEG 6000 was used (Table 1) . However, recombination frequencies were strongly dependent on the ratio of protoplasts present in the fusion. When protoplasts of strain 201 0 (less efficiently regenerating) were present in a five-fold excess in the fusion, recombination frequencies were nearly one order of magnitude higher than when the two fusion partners were mixed in equal numbers and confluent lawns on the regeneration plates were not formed. Tests to determine whether the presence of antibiotic in one fusion partner or autoinhibitory effects were responsible for the different yields of recombinants in the fusions from Table 1 showed that protoplasts of strain 560 efficiently incorporated L-[ 4C]valine into actinomycin. Extraction of lo9 protoplasts prepared under standard conditions with ethyl acetate followed by thin-layer chromatography and bioautography revealed the presence of the antibiotic in these cells. Autoinhibition of regenerating protoplasts was described for Streptomyces fradiae (Baltz, 1978) and Streptomyces acrimycini (Hopwood et al., 1977) , but was not significant in the case of S. chrysomallus since, during regeneration of the individual strains, confluent lawns were observed.
Furthermore, samples of 300 single colonies from the regenerated dilutions of the fusion cultures with 800-1000 and 50 or fewer colonies per plate from the experiment in Table 1 (PEG 6000, ratio of protoplasts 1 : 1) were analysed with respect to their genotypes. About 90% of colonies tested from the plates with 800-1000 regenerated colonies were of the same genotype as Table 2 strain 560, and only 1% carried the markers of strain 2010. On the plates with 50 or fewer regenerated colonies, 60% of colonies were of the genotype of strain 560 and 16% that of strain 2010. This indicates that regeneration of strain 2010 (Act) was impaired in the presence of strain 560 (Act+). When the same analysis was made with single regenerated colonies from the fusion in which protoplasts of strain 2010 were present in a fivefold excess (Table 1 , PEG 6000) on plates with about 400-800 colonies, 31 % of the colonies carried the same markers as strain 560,20% were of the genotype of strain 2010 and 48 % were colonies derived from fused protoplasts. Analysis of spores from the undiluted fusion culture revealed that 82% of spores were of the genotype of strain 560,7% were of the genotype of strain 2010, and 11 % were recombinants. However, this large contribution of spores of strain 560 is a consequence of the better sporulation of this strain.
Protoplast fusion in Streptomyces chrysomallus
Protoplast fusions were also performed between strain 2010 and strain 810 (leu-l arg-2 act-2) which does not produce actinomycin. The analysis of spores from undiluted fusion cultures of protoplast fusions performed in the presence of 45 % (w/v) PEG 6000 (see below) revealed that in fusions with the protoplasts mixed in a ratio 1 : 1 and 1 : 3 in favour of strain 2010, the recombination frequencies did not significantly differ from each other (7% and 8 %, respectively). The ratio of parents among the progeny was about 1 : 1 and 2 : 3 in favour of strain 2010 (data not shown). It is known that actively growing cells of S. antibioticus, a producer of actinomycin, are sensitive to their own antibiotic (Yoshida et al., 1966) . Ochi (1982) described a similar effect for S . paruulus, where resistance to actinomycin was related to the extent of antibiotic production of different mutants. Correspondingly, in fusions between actinomycinproducing and non-producing strains of S. chrysomallus, the presence of the antibiotic may interfere with the regeneration of cells from protoplasts of the non-producing partner. The effect of varying PEG 6000 concentrations was tested in a separate series of experiments ( Table 2) . Protoplast fusion in the presence of 45-55% (w/v) PEG was optimal for the formation of recombinants. When such fusions with 45% PEG 6000 were repeated, the number of recombinants found on fully supplemented media reached values of up to 45% (see below) and this depended strongly on the dryness of the regeneration plates. Optimal yields of recombinants were obtained with plates prepared 3 or 4 d before plating. Such effects were also reported for S . fradiae (Baltz & Matsushima, 1981) where maximum numbers of regenerated cells were obtained on plates depleted of water by more than 20% (w/v). However, it is not possible to compare their results with the present data since the influence of dehydration on regeneration in S. chrysomallus was not studied.
The influence of temperature was tested when protoplast mixtures treated with 45% PEG 6000 at room temperature were regenerated at various temperatures. In contrast to the finding that 23 "C was the best temperature for regeneration of the individual strains, most recombinants arose from plates incubated between 27 "C and 30 "C (Table 3 ). At temperatures above 30 "C, the percentage of recombinants declined. Thus, the optimal temperature range for the appearance of recombinants in the fusion culture is the same as that for vegetative growth on solid medium (about 30 "C) while the optimum temperature for regeneration is similar to the optimal temperature for sporulation. Both effects (i.e. regeneration and recombination) tend to (Table 3 ). Similar observations with respect to the influence of temperature on regeneration efficiency were described by Baltz & Matsushima (1981) . In S . fradiae, efficient regeneration was observed at temperatures substantially lower than the temperature which gave the maximum rate of mycelial growth in liquid medium (37°C). In addition, when the mycelia were grown at the same low temperatures prior to protoplast formation, regeneration frequencies were found to be higher. Recombination frequencies with S . fradiae were always highest at the temperature of optimal regeneration efficiency of the individual strains. It may be possible that in this case the different behaviour of S . chrysomazlus is due to the recombinants of S. fradiae being obtained from selective regeneration medium which differs from the non-selective regeneration of an undiluted fusion culture. The influence of phosphate on the regeneration of fusion cultures was also measured ( Table  4) . Despite the stimulatory effect of phosphate on the regeneration frequency of the individual strains, the percentage of recombinants in fusion cultures decreased with higher phosphate levels. Analysis of spores from the undiluted fusion cultures ( Table 4 ) clearly revealed that this effect was mainly due to the stimulation of regeneration of strain 560 at the expense of recombinants. On the basis of these data, all subsequent fusions of S . chrysornallus were performed with 45% PEG 6000; fusion cultures were plated on R2 medium containing 0.25 Msucrose without further phosphate addition and were incubated at 27-28 "C for 1 week.
Construction of complex genotypes through protoplast fusion
For routine construction of genotypes, protoplasts of strains to be fused were mixed in various ratios and, after fusion and regeneration, each cross was evaluated separately by analysing samples of 100 colonies obtained from spores of the undiluted fusion culture. From the data obtained, the most balanced cross (with respect to both parental and recombinant genotypes) 
